A class of low-nonlinearity dispersion-shifted fibers based on depressed-core multistep index profiles is investigated. A systematic approach for designing these fibers in which a reference W-index profile is used to initiate the design is presented. Transmission properties, including effective area, mode-field diameter, dispersion, dispersion slope, and cutoff wavelength, are evaluated for several design examples. The effects of varying fiber dimensions and indices on effective area and mode-field diameter are assessed. It is shown that there is a trade-off between these two properties and, generally, larger effective areas are associated with larger mode-field diameters. Dispersion-shifted single-mode fiber designs with effective areas of from 78 to 210 m 2 and the corresponding mode-field diameter of from 8.94 to 14.94 m, dispersion less than 0.07 ps͞nm km, and dispersion slope of approximately 0.05 ps͞nm 2 km are presented.
Introduction
Transmission of information signals over very long optical fiber links suffers not only attenuation and dispersion, but also degradation resulting from fiber nonlinearity. The development of erbium-doped fiber amplifiers has brought about a satisfactory solution to fiber losses, and, in single-channel fiber-optic communication systems, dispersion can be avoided when one specially designs the fiber to provide zero group-velocity dispersion at the desired wavelength of operation. However, fiber nonlinearity in very long links can cause severe signal degradations. Recently, considerable effort has been devoted to studying signal degradations resulting from fiber nonlinearity in single-channel as well as in wavelength-division-multiplexed systems. [1] [2] [3] Apart from the special case of soliton propagation, when nonlinearity and dispersion counteract to maintain distortion-free transmission, 4 nonlinear effects are harmful to normal pulse propagation and need to be mitigated. Fiber nonlinearity is due to weak dependence of the refractive index of glass on light intensity. This dependence may be described as n ϭ n L ϩ n NL , where n L and n NL are the linear and the nonlinear parts of the refractive index, respectively. The nonlinear term is proportional to light intensity and can be expressed as n NL ϭ N 2 P͞A eff , where N 2 is a property of fiber material, P is the power of the optical signal propagating in the fiber, and A eff is the effective area. 4 It is clear from this expression that, for a given power P, larger effective area amounts to smaller fiber nonlinearity and hence lessens the resulting signal degradations. Conventional dispersion-shifted optical fibers have an effective area approximately 50 m 2 . Future optical fibers intended for high-capacity and very long distance applications should not only provide negligible dispersion at 1.55-m wavelength, but they also need to have larger effective areas so as to minimize the harmful effects of refractive-index nonlinearity.
Low-nonlinearity dispersion-shifted fibers have been the subject of considerable investigations recently. Several designs for low-nonlinearity dispersion-shifted fibers with effective areas ranging from 70 to 90 m 2 have been reported by different research groups. [5] [6] [7] [8] These designs differ in the refractive-index profiles employed. A particular type of index profile capable of providing effective areas larger than those of conventional dispersionshifted fibers is one with a depressed core. 9 We address the design and the trade-off issues of large effective-area dispersion-shifted fibers with such index profiles. The effects of fiber dimensions and re-fractive indices on effective area are investigated. It is shown that, for specified refractive indices, effective areas as much as several times larger than that of conventional fibers can be achieved by various combinations of fiber dimensions. Larger effective areas, however, are generally associated with larger mode-field diameters. A quality factor, defined as the ratio of effective area over the square of modefield diameter, is introduced as a means of assessing and comparing the overall performance of different large effective-area fibers.
Approach and Evaluation of Transmission Properties
The principal design requirements are large effective area, small dispersion, low losses, and single-mode operation in the 1.55-m window. The latter three requirements are met in conventional dispersionshifted fibers. To achieve a larger effective area, the index profile of the fiber is modified such that the fields become less confined to its central core region. The approach adopted is to start with a reference fiber that provides zero dispersion at 1.55 m and to reduce the refractive index of a central portion of the core region. Here, a W-index fiber is chosen as the reference fiber. 10 Reducing the index of a portion of its core region, a depressed-core triple-clad structure is created in which the first inner cladding assumes the highest refractive index. This modification of index profile moves the zero-dispersion wavelength away from 1.55 m. Then, indices and dimensions of different layers are adjusted so that the zerodispersion wavelength is shifted back to 1.55 m.
Transmission properties, including dispersion, effective area, mode-field diameter, cutoff wavelength, and radial field distributions are evaluated with a scalar-wave analysis. The adequacy of this analysis is well established for fibers with small index variations with transverse dimensions. To have generalized field solutions, which can accommodate an arbitrary number of claddings, we consider a fiber consisting of N homogeneous dielectric regions, a central core, and N Ϫ 1 claddings. The ith region has a refractive index n i ͑͒, with the wavelength dependence of n i described by the Sellmeier equation given by Eq. ͑A1͒ in Appendix A. In a cylindrical coordinate system ͑r, , z͒ with the z axis coinciding the fiber axis, r ϭ a i ; i ϭ 1, 2, . . . N Ϫ 1 defines the boundary between the ith and the ͑i ϩ 1͒th regions. For propagation in the positive z direction, the z dependence of the fields is exp͑Ϫj␤z͒, where ␤ is the axial propagation constant. The dependence of the fields may be expressed as cos͑͒ or sin͑͒, where is an integer constant. The radial dependence of the fields is described in terms of the Bessel and the modified Bessel functions and is essentially what is needed for the evaluation of transmission properties. Dropping the z-and -dependent terms, which are common to solutions in all regions, the scalar modal field is summarized as
where
and k o ϭ 2͞, is the wavelength, J and Y are Bessel functions of the first and the second kinds, I and K are modified Bessel functions of the first and the second kinds, and A i and A i are constant amplitude coefficients.
Imposition of boundary conditions leads to a dispersion relation from which the propagation constant ␤ is calculated. In a scalar-wave analysis, boundary conditions amount to continuity of and d͞dr at r ϭ a i ; i ϭ 1, 2, . . . N Ϫ 1, resulting in a homogeneous system of 2N Ϫ 2 equations in terms of 2N Ϫ 2 amplitude constants. The dispersion relation is obtained by setting the determinant of coefficients in this system of equations to zero. Moreover, choosing an amplitude constant, say A 1 , as an independent constant, the remaining amplitude terms A i ; i ϭ 2, 3, . . . N Ϫ 1 and A i ; i ϭ 2, 3, . . . N, can be determined in terms of A 1 by solving any 2N Ϫ 3 of the boundarycondition equations. For specified fiber dimensions and material compositions and a desired value of , the dispersion relation becomes a function of and ␤, which may be expressed as f ͑, ␤͒ ϭ 0. For a given wavelength, this equation is solved numerically for ␤. For single-mode fibers, only ϭ 0, corresponding to the fundamental LP 01 mode needs to be considered for evaluation of dispersion, effective area, mode-field diameter, and radial field distributions. However, the cutoff wavelength, which defines the single-mode wavelength range, must be calculated with ϭ 1 in the dispersion relation. In other words, the cutoff wavelength of a single-mode fiber belongs to the second propagating mode, which is usually the LP 11 mode. In the event that the LP 01 mode itself exhibits a finite cutoff wavelength, then the wavelength of operation must remain below it. The cutoff wavelength is obtained when one solves for the dispersion relation for with ␤ ϭ k o n N ͑͒. To enhance the accuracy of the scalar-wave propagation constant, a vector correction term ␦␤, as given below, is calculated and added to ␤ 11
where the right-hand-side expression in Eq. ͑3͒ is obtained when E t ϭ ͑r͒â x or E t ϭ ͑r͒â y is used.
Having determined the vector-corrected propagation constant ␤ ϭ ␤ ϩ ␦␤, one obtains the dispersion from
where ␤ ϭ ␤ ͞k o and c is the velocity of light in free space. Note that, since the refractive indices are expressed as functions of in the dispersion relation, D in Eq. ͑4͒ accounts for both material and waveguide dispersion simultaneously. Two other quantities of interest in this investigation are effective area, A eff , and mode-field diameter, d o . They are calculated from 4, 12 A eff ϭ 2
where ͑r͒ is given by Eq. ͑1͒. The expression for mode-field diameter is based on the so-called Petermann II definition. 12 Now, with the necessary formulations for evaluation of transmission properties available, the task of designing large effective-area fibers can be undertaken.
Fiber Design and Trade-offs
The design of large effective-area dispersion-shifted fibers may evolve from known profiles, which provide zero dispersion at ϭ 1.55 m. Here a simple profile as that shown in Fig. 1͑a͒ is chosen as the reference profile. Obviously, this choice is not unique and other profiles may be considered in initiating the design. Material compositions for the reference W fiber and other profiles in Fig. 1 ͑M 1 , M 2 , etc.͒ are given in Appendix A ͑see Table 3͒ . The reference W fiber with a 2 ϭ 2.58 m and a 3 ϭ 5 m provides a negligible Ϫ0.0713 ps͞nm km dispersion and an effective area of approximately 32 m 2 at ϭ 1.55 m. To increase the effective area, the central core is modified when a lower-index region is added to it. When this is done, a profile such as that shown in Fig. 1͑b͒ is created that allows the fields to be less confined to the core region and, as a result, the effective area increases. Although lowering the index of a portion of the core of reference fiber brings the benefit of larger effective area, it moves the zero-dispersion wavelength away from 1.55 m. To bring the zerodispersion wavelength back to 1.55 m, one must alter either the dimensions or the indices of the cladding regions. The extent and the dimensions or indices that need to be modified are dictated by several factors, including the size and the index of the depressed-core region, the requirement that the fiber remain single-mode in the 1.55-m window, and the designer's choice. Here we initially choose to keep the indices ͑that is, the material compositions͒, and the radius of the outer cladding of the reference W fiber unchanged. Then, the thickness of the lowestindex cladding is adjusted to achieve nearly zero dispersion at ϭ 1.55 m.
The radius of the depressed-index core region, a 1 , is Fig. 1 . Refractive-index profiles for ͑a͒ a reference dispersionshifted W-fiber and ͑b͒ and ͑c͒ depressed-core, large effective-area dispersion-shifted fibers. Fiber dimensions and material compositions are given in Tables 1 and 3, respectively. varied from 2.0 to 3.57 m. Table 1 , these fibers are labeled a-e. Figure 2 illustrates normalized radial field distributions, ͑r͒, at ϭ 1.55 m. It is observed that the confinement of the field to the core is reduced as the radius of the depressed-index core is increased.
This results in an increase in the effective area. Figure 3 shows variations of effective area versus wavelength in the 1.55-m window for these fibers. As expected, fiber e provides the largest effective area, and, in general, the larger the radius of the depressed-index core region, the larger the effective area. The effective area at ϭ 1.55 m varies from 78 m 2 for fiber b to approximately 190 m 2 for fiber e. A larger effective area, however, is achieved at the expense of a larger mode-field diameter, which, in turn, implies higher bending losses. This loss, however, is not serious if the bending radius is sufficiently larger than a critical radius. A mode-field diameter approximately 10 m or less has been con- Fig. 2 . Normalized field distributions at ϭ 1.55 m for ͑a͒ the reference W fiber and ͑b͒-͑e͒ large effective-area depressed-core fibers. Fig. 3 . Variations of effective area versus wavelength for fibers a-e with parameters given in Table 1 . All fibers have the same material compositions as indicated in Fig. 1 . Note: Roman superscripts a-e refer to the fiber that was used ͑see text for more information͒.
sidered reasonable in the literature. 8 Plots of modefield diameter versus wavelength are shown in Fig. 4 . The mode-field diameter at ϭ 1.55 m varies from approximately 8.9 m for fiber b to 13.4 m for fiber e. It is now clear that a satisfactory design should maintain a balance between the effective area and the mode-field diameter. Finally, the fundamental requirement of nearly zero dispersion at ϭ 1.55 m is met by all fibers. This is seen in Fig. 5 , which depicts variations of dispersion versus wavelength. Apart from negligible dispersion at ϭ 1.55 m, the dispersion slope is also an important property. As noted from Fig. 5 and Table 1 , all four depressed-core fibers have a nearly equal dispersion slope of approximately 0.05 ps͞nm 2 km at ϭ 1.55 m. The wavelength range for single-mode operation is determined from the cutoff wavelength ͑ c ͒ of the second propagating mode. As noted from Table 1 , c is less than 1.41 m, indicating that all fibers are single mode in the 1.55-m window. This table also shows how transmission properties are affected when a 1 or a 2 is kept constant and the other two radii are varied. Rows 9 -11 in Table 1 give the results for the case of a 1 kept constant at 2.7 m, whereas rows 12-16 show the transmission properties when a 2 is kept constant at 4.0 m. For a 1 ϭ 2.7 m, it is observed that reducing the thickness of the second cladding, a 3 Ϫ a 2 , results in larger effective area and larger modefield diameter. In the limiting case of a 3 Ϫ a 2 3 0, the fiber reduces to a double-clad depressed-core structure with an index profile as that shown in Fig.  1͑c͒ ͑see row 11͒. For a 2 ϭ 4.0 m, corresponding to last four rows in Table 1 , note that increasing the core radius, a 1 , and decreasing the thickness of the second cladding, a 3 Ϫ a 2 , must occur simultaneously to maintain nearly zero dispersion at ϭ 1.55 m. In this case, sharp increases in both effective area and mode-field diameter occur. Again, a limiting case of a 3 ϭ a 2 ϭ 4 m ͑last row͒ occurs, which corresponds to a double-clad structure ͓Fig. 1͑c͔͒.
Refractive indices, which, so far, have been kept constant, may also be changed to vary the effective area. To illustrate how index variations influence the effective area, we chose fiber c in Table 1 and replaced its core material ͑M 1 ͒ once with a lowerindex material ͑M 3 ͒ and once with a higher-index material ͑M 4 ͒. By our doing so, the radius of the outer cladding ͑a 3 ͒ is kept unchanged and the other dimensions ͑a 1 and a 2 ͒ are adjusted to achieve zero dispersion at ϭ 1.55 m. These higher and lower core-index fibers are labeled f and g, respectively. Their dimensions and transmission properties are summarized in Table 2 . Note that the fiber with higher core index provides larger effective area and mode-field diameter than the fiber with lower core index. The larger effective area for fiber f may be attributed to its flatter field distribution as shown in Fig. 6 . Increasing the core index further and further eventually results in a reduction of effective area as the profile becomes closer and closer to that of the W fiber in Fig. 1͑a͒ for which the effective area is approximately 32 m 2 . A smaller index difference between the core and the first cladding may be maintained by lowering the index of this cladding. As an example, material M 2 in fiber c may be replaced with material M 5 to obtain a dispersion-shifted fiber. The parameters and properties of this fiber, labeled h, are given in Table 2 ͑row 3͒. The result is an even flatter field distribution compared with that of fiber f and a larger effective area and mode-field diameter.
The data in Tables 1 and 2 clearly indicate that there exists many possibilities for achieving both large effective area and negligible dispersion at ϭ 1.55 m. Now, the question is which fiber offers a Fig. 4 . Variations of mode-field diameter versus wavelength for fibers a-e with parameters given in Table 1 . Fig. 5 . Variations of dispersion versus wavelength for fibers a-e with parameters given in Table 1. better performance, namely, less signal distortion and less loss. The data in these tables clearly indicate the trade-off between the effective area that provides a measure of signal distortion owing to nonlinearity and the mode-field diameter that is an indicator for bending loss. Assuming that all other losses such as intrinsic and microbending losses are nearly the same for all fibers in Tables 1 and 2 , the performance of a design may be assessed in terms of a quality factor defined as Q ϭ A eff ͞d 0 2 . This factor is a dimensionless quantity that can be used to determine the trade-off between mode-field diameter and effective area. Then, among several designs satisfying certain limits on effective area and modefield diameter, say A eff that is approximately 80 m 2 or larger and d o that is approximately 10 m or smaller, the fiber that provides the largest quality factor is the best design. Accordingly, fiber g among all fibers in Tables 1 and 2 meets the design requirements for maximum effective area and minimum mode-field diameter and provides the largest quality factor ͑Q ϭ 1.13͒. The quality factor for conventional dispersion-shifted fibers is approximately 0.741. 13 A comprehensive optimization of the index profile for large effective-area fibers is an important and challenging task, which should be based on a more broadly defined quality factor accounting for all losses, and is beyond the scope of this paper. In summary, the trade-off between effective area and mode-field diameter is an important deciding factor in the selection of a design.
To estimate fabrication tolerances, we change the radii a 1 , a 2 , and a 3 by Ϯ1% and Ϯ2%, and the effects on dispersion at ϭ 1.55 m are calculated. This analysis reveals that dispersion is most sensitive to variations in a 2 . As an example, when a 2 in fiber c is changed by Ϫ2%, Ϫ1%, ϩ1%, and ϩ2% ͑while a 1 and a 3 are kept constant͒, the dispersion becomes Ϫ1.0, Ϫ0.50, ϩ0.35, and ϩ0.69 ps͞nm km, respectively. Varying a 1 and a 3 by Ϯ2% results in dispersion between Ϫ0.44 and ϩ0.32 ps͞nm km.
Fiber Losses
The intrinsic losses of large effective-area fibers due to material properties of doped and pure silica glass are expected to be almost the same as those in conventional dispersion-shifted fibers. This is based on the fact that the index differences are very small. The low-loss single-mode large effective-area fibers reported in the literature have ⌬n Ͻ 0.015. 5 The largest ⌬n in the profiles of Fig. 1 is that between the central core and the first cladding, which, at ϭ 1.55 m, is equal to 0.0109. Bending and microbending losses are significant contributing factors to overall fiber losses. The amount of bending loss depends on the bend radius and the mode-field diameter of the fiber. Fiber designs with mode-field diameters approximately 10 m or less result in negligible bending losses ͑with bending radius Ն 30 mm͒. 5, 8 Using the method outlined in Ref. 11 ͑Chap. 23͒, bending losses were calculated at ϭ 1.55 m. The results are presented in Fig. 7 , which illustrates variations of bending loss versus bending radius for fibers a-e. Note that the accuracy of this method is subject to sufficiently large bending radii so that the attenuation of local-mode power can be ignored. Figure 7 clearly shows that fibers with larger effective area and hence larger mode-field diameter suffer larger bending losses. However, for bending radii greater than 30 mm, the bending loss for fiber c ͑as representative of a large effective-area fiber͒ is less than 0.021 dB͞m.
Microbending loss occurs when fibers are gathered in a cable. The analysis of microbending loss presented here is based on the work of Marcuse. 14 In this analysis, microdeformations are assumed to be Gaussian with a rms deviation and a coherence Fig. 6 . Normalized field distributions at ϭ 1.55 m for fibers f-h with parameters given in Table 2 . 14 indicates that microbending losses of the low-nonlinearity fiber proposed here and those of the conventional fibers are in the same range. For example, microbending losses at ϭ 1.55 m for fiber c with L c ϭ 1, 10, 100, and 500 m are 5.78, 7.17, 1.07, and 0.0135 dB͞km, whereas the corresponding losses for fiber a ͑as an example of conventional dispersion-shifted fiber͒ are 3.30, 10.6, 2.24, and 2.22 ϫ 10 Ϫ6 dB͞km. Note that for coherence lengths 1, 10, and 100 m, the microbending losses of both fibers are comparable, and for L c ϭ 500 m, both microbending losses are negligible although the microbending loss of fiber a is much smaller than that of fiber c. This observation together with small index differences between adjacent layers ͑Ͻ1%͒ and small bending losses for bending radii greater than 30 mm suggests that the total loss of the fibers with mode-field diameters that are approximately 10 m or less should be in the same range as those of existing low-loss dispersion-shifted fibers. The multiple-clad low-nonlinearity fibers presented here can be fabricated with the existing techniques such as modified chemical-vapor deposition 15 and inside-vapor deposition. 16 
Conclusions
Design of large effective-area fibers with depressedcore index profiles has been addressed. Dispersionshifted fibers with effective areas up to several times larger than that of conventional fibers have been designed and analyzed. However, larger effective areas are achieved at the expense of larger mode-field diameters, hence yielding a trade-off between signal distortion due to fiber nonlinearity and attenuation due to bending loss. A quality factor, defined as the ratio of effective area over the square of mode-field diameter, has been introduced as a means of assessing the performance of large effective-area fibers. The bending and the microbending losses have been examined for a representative case. It has been shown that the microbending loss is in the same range as that of conventional fibers and that the bending loss is negligible for bending radii larger than 30 mm and mode-field diameters approximately 10 m or less. Also, because the index differences between neighboring layers are small ͑less than 0.9%͒, the intrinsic losses of the fibers are expected to be approximately the same as those of existing lowloss dispersion-shifted fibers.
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where A ip and ip for the materials used here are given in Ref. 17 . 
